Numerical simulation studies are presented for transverse and longitudinal stochastic cooling of bunched particle beams. Radio frequency buckets of various shapes (e.g. rectangular, parabolic well, single sinusoidal waveform) are used to investigate the enhancement of phase space cooling by nonlinearities of synchrotron motion. The connection between the notions of Landau damping for instabilities and mixing for stochastic cooling are discussed. In particular, the need for synchrotron frequency spread for both Landau damping and good mixing is seen to be comparable for bunched beams.
I. Introduction
Stochastic cooling of particle beams, the feedback damping of transverse oscillations and longitudinal momentum spread, is an essential feature of plans to produce antiproton beams of sufficient quality for pp storage ring physics.(l,2) These schemes call for cooling a coasting beam; the question arises whether it is possible to apply stochastic cooling directly to a bunch and obtain a reasonable amount of cooling. The success of this technique would ease the requirements for RF manipulations in accummulation, and opens the possibility of compensating for emittance growth due to diffusion caused by periodic beam-beam interactions in storage rings. Another motivation to study bunched beam cooling is its direct connection to bunched beam instability phenomena --Schottky signal suppression being the anologue of coherent instabilities.
II.
Particle Orbits
Single particle orbits in a coasting beam 
Q=-m
We use up to m = 4 harmonics, implying a feedback system of effective angular extent eo 900. Since the bunch length has to be larger than the feedback system length electrically in order to have effective cooling, we expect good cooling only for bunches longer than 90°in angular extent. differences between particle pairs. Physically, this corresponds to energy variations induced by stray fields, noise, etc., which do not change the gross frequency distribution. This feature was retained in the bunch beam code, although it is unnecessary for the longitudianl simulation where Schottky noise effects provide sufficient "wiggle" of frequency.
IV. Coasting Beam Results
For transverse stochastic cooling, the rate sw for error a2 for particles of revolution frequency w is (in a continuous correction limit) 
In the simulation, it was found that the s-function part of the singular integral describes well the signal suppression effects for a rectangular frequency distribution of half-width A (all times are measured in units of revolution period); i.e.,
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The factor en u 1, and from (2) it is seen that the cooling rate monotonically decreases with decreasing A; at no time does the Schottky noise dominate over the coherent cooling rates. Coasting beam simulations were performed with 90 and 180 particles cooled for 1000 correction steps. Averages over 25 cases agree within 5% to theory, with case to case variation of ±10%. The en factor ranged between 1 to 5. Some growth was seen for large gZ which is attributable to the discrete nature of corrections, and was insensitive to A.
For gQ of the "wrong" sign, the condition 0 = 0 gives the condition for coherent instability. 'Thus, the condition 9QN 8A ( n±\) >- (5) gives both a condition on the sufficiency of Landau damping for instability, and a criteria for feedback and/or Schottky noise effects to be important in stochastic cooling. We note that NgjI is the magnitude of the coherent growth rate for instabilities or the damping time of Schottky signals in the zero frequency spread limit.
Analogous to the coasting beam situation, approximate criteria for bunch instabilities are (6) To investigate the effect of synchrotron frequency spread in detail runs were made with a "square" bucket and a sinusoidal "RF" bucket. For the square bucket particles were assigned a range of revolution frequencies from a rectangular distribution. The particles were advanced in azimuthal angle as in a coasting beam until they reached the end of the bunch. At the ends, particles are elastically reflected with only their angular velocities changing sign. The motivation of this bucket shape was the hope that it would most closely resemble a coasting beam for analysis and offer in some sense a maximal degree of nonlinearity. The sinusoidal bucket corresponded to a harmonic 2 system. The phase orbits were determined by the first 5 terms of an expansion of the orbits in terms of elliptic integrals. In Table 1 results of a number of 90 particle runs are tabulated for transverse and longitudinal cooling. Table 2 gives coasting beam rates from theory. The bunching factor gives the fraction of the ring circumference occupied by the bunch. The results in Table 1 are for single cases with 90 particles. Within each category the same seed was used to initialize the random loading to lessen statistical variation as parameters were changed. 
